1. Introduction {#sec1}
===============

COVID-19 is an emerging disease due to a novel coronavirus named as SARS-CoV-2, which started in Wuhan, China in 2019 and spread to the other continents \[[@bib1], [@bib2]\]. It was declared to be pandemic in 2020 by the World health Organization \[[@bib3]\]. Haman Corona viruses which belong to the family of Coronaviridae were first identified and observed in 1960 \[[@bib4],[@bib5]\]. Corona viruses are enveloped-single stranded-positive sense RNA virus. COVID-19 is a new form of corona virus which is round in shape with a diameter of approximately 60--120 nm \[[@bib6]\] and with an incubation period \[[@bib5]\]. Among potential drugs to treat COVID-19, repositioning of old drugs such as Chloroquine, Hydroxychloroquine, Azithromycin, Remdesivir etc for use as antiviral treatment is an interesting strategy because knowledge on their mode of action, safety profile, side effects, dosage and their interactions with other biological molecules are well known \[[@bib7], [@bib8], [@bib9]\]. This study is limited to Hydroxychloroquine and Azithromycin.

Hydroxychloroquine is a drug derived from 4-aminoquinoline. It is used as an antimalarial drug ever since the Second World War. It is also widely used in the treatment of lupus erythematosus, rheumatoid arthritis, and other inflammatory and skin diseases \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14]\]. Hydroxychloroquine is rapidly absorbed by the intestine, accumulating in organs such as the liver, spleen, lungs and kidneys. It is partially converted to active metabolites in the liver and excreted primarily through the kidney when ingested \[[@bib15]\]. According to literature \[[@bib12], [@bib16], [@bib17], [@bib18]\], some risk factors increase the likelihood of retinopathy caused by Hydroxychloroquine; for instance, the daily dosage, the cumulative dose, and renal or liver disease, besides age and previous retinal diseases. Thus, pharmaceuticals containing Hydroxychloroquine must undergo strict quality control, which requires the development of simple, rapid, and accurate analytical procedures for the identification and quantification of this drug in both pharmaceutical and biological samples. Gautret et al. 2020 \[[@bib19]\] conducted a clinical trial aiming at assessing the effect of hydroxychloroquine on SARS-CoV-2-infected patients after approval by the French Ministry of Health. In their report, they focused on the virological data in patients receiving hydroxychloroquine as compared to a control group. Their results showed that, Hydroxychloroquine is efficient in eliminating viral nasopharyngeal carriage of SARS-CoV-2 in COVID-19 patients in only three to six days, in most patients and a significant difference was observed between Hydroxychloroquine-treated patients and controls starting even on day 3 post-inclusion. Their results also suggested a synergistic effect of the combination of hydroxychloroquine and Azithromycin. They recommended that patients with COVID-19 should be treated with Hydroxychloroquine and Azithromycin to cure their infection and to limit the transmission of the virus to other people in order to curb the spread of COVID-19 in the World. Equally, they proposed that further studies should be carried out on this combination because such combination can both act as an antiviral therapy against SARS-CoV-2 and prevent bacterial super-infections. Hydroxychloroquine which is an analogue of Chloroquine has demonstrated to have an anti-SARS-CoV activity in vitro \[[@bib20]\]. Even though Chloroquine has proven to have an inhibitor effect on the growth of SARA-CoV-2 in vitro, the clinical safety profile of Hydroxychloroquine is better than that of Chloroquine (during long-term use) and allows higher daily dose \[[@bib21]\] and has fewer concerns about drug-drug interactions \[[@bib22]\].

Azithromycin is a macrolide antibiotic which differs chemically from erythromycin by methyl-substituted nitrogen atom in the macrolide ring. It is composed of fifteen-membered ring structure having two sugar moieties, several hydroxyl groups, two tertiary amino groups, and one oxycarbonyl group \[[@bib23]\]. Azithromycin launched in 1991 has become one of the most widely used antimicrobials \[[@bib24]\]. Favorable pharmacological properties such as acid resistance, a short time to achieve peak concentrations with an up to 800-fold accumulation in phagocytes at the infection site, and long half-life allowing a large single oral dose to maintain bacteriostatic activity in the infected tissue for 4 days have contributed to the success of Azithromycin as an antibiotic \[[@bib25], [@bib26], [@bib27]\]. Clinical studies have demonstrated that patients suffering from both intermittent and chronic pseudomonas aeruginosa infection, e.g., cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), and diffuse panbronchiolitis (DPB), were treated using Azithromycin \[[@bib28], [@bib29]\]. Studies by some researchers, have shown that Azithromycin concentrations are highly accumulated in alveolar macrophages and lung which is 100% higher than that reported in plasma \[[@bib23], [@bib30]\]. Based on these studies, Azithromycin has been largely recommended for the treatment of some respiratory diseases, sexually transmitted diseases, some skin diseases, and otitis media \[[@bib23], [@bib31]\]. Among other reasons, this antibiotic formulated mainly as suspension or tablets is used in human and in veterinary medicine \[[@bib23]\]. Kumar and Park, 2011 \[[@bib32]\] reported Azithromycin to be a new chiral selector in capillary electrophoresis studies with multiple stereogenic centers. Due to the presence of different functional groups and multiple chiral centers, Azithromycin may undergo multiple interactions with the analyte enantiomeric molecules \[[@bib32]\], biological molecules and with the enzymes produce by COVID-19 for chiral recognition. Recently, the drugs stereochemistry has become a significant issue in the pharmaceutical industry. The stereoisomers interact differently with the macromolecules in the body, while waiting for the process of passive diffusion and transporters uptake into cell membranes which is equivalent for both moieties \[[@bib33], [@bib34], [@bib35]\]. Imperi et al. 2014 \[[@bib36]\] studied the antivirulence activity of Azithromycin in Pseudomona aeruginosa. In their studies, they showed that besides the growth-inhibiting activity of Azithromycin, Azithromycin has potent anti-inflammatory properties, as well as antivirulence activity on some intrinsically resistant bacteria, such as pseudomonas aeruginosa. The antivirulence activity of this molecule mainly relies on its ability to interact with the ribosome, resulting in direct and/or indirect repression of specific subsets of genes involved in virulence, quorum sensing, biofilm formation, and intrinsic antibiotic resistance in the bacterium.

Most drugs and drug-like molecules are likely to bind to multiple transporters, for example; drugs are known to interact with no fewer than six targets and many proteins are known to interact with hundreds of drugs to get the biophase \[[@bib37]\]. Hence, the differences in active transport in serum secretion protein-binding, metabolism, and pharmacological effects for both Hydroxychloroquine and Azithromycin may have differences for achieving the biophase. Therefore, a combination of Hydroxychloroquine and Azithromycin for the treatment of COVID-19 is significantly more efficient for the elimination of the corona Virus as reported in literature \[[@bib19]\]. Azithromycin has shown to be active in vitro against Zika and Ebola viruses \[[@bib38], [@bib39], [@bib40]\] and to prevent severe respiratory tract infections when administrated to patients suffering from viral infection \[[@bib41]\]. Hence, we can say that the molecules Hydxoxychloroquine and Azithromycin have many important biological characteristics including antibacterial, antifungal, immunomodulatory properties and antivirulence activity.

From structural studies \[[@bib42], [@bib43], [@bib44]\] and experimental studies \[[@bib44], [@bib45], [@bib46]\], SARS-CoV-2 appears to bind to the human receptor acethyl choline esterase 2 (ACE2) and the spike protein of SARS-CoV-2 has a functional polybasic (furin) cleavage site. Based on these studies, SARS-CoV-2 seem to have a receptor-binding domain that binds with high affinity to ACE2 from humans, ferrets, cats and other species with high receptor homology \[ 42\]. The SARS-CoV-2 main protease structure (Mpro) was first released to the Protein Data Bank, on March 2020 \[[@bib47]\]. Proteases are central enzymes in the biology of humans and viruses, and several of them have become drug targets for anti-viral therapy as well as for the treatment of various diseases. There is a number of approved drugs that act as protease inhibitors \[[@bib20]\]. SARS-CoV-2 main protease is a cysteine protease \[[@bib48], [@bib49]\] and it cleaves the viral polyprotein at no less than 11 sites \[[@bib47]\]. It implies SARS-CoV-2 can easily bind with other molecules with high binding affinity. In this regard, we want to study the physico-chemical properties of the molecules Hydroxychloroquine and Azithromycin which are used for treatment of the COVID-19 which is ravaging the World. Furthermore, we want to determine the chemical descriptors of these molecules so as to see if they correlate with experimental and other theoretical results given in literature. We also want to determine the optoelectronic properties and spectra of these molecules. Some of the important electronic properties such as electrophilicity index, global hardness, chemical potential, ionization potential, electron affinity, dipole moment, polarizability, anisotropy and hyperpolarizability will be determine so as identify the nature of the pharmacological properties of these molecules \[[@bib50], [@bib51]\]. Most of these properties are use in quantitative structural analysis relationship (QSAR) and drug design \[[@bib52], [@bib53], [@bib54]\].

2. Computational methods {#sec2}
========================

The optimized molecular structures, structural properties, thermochemical properties, vibrational frequencies and electronic properties of Hydroxychloroquine and Azithromycin were calculated using the Gaussian 09 quantum chemical program \[[@bib55]\] and the Gauss view visualization program \[[@bib56]\]. Firstly, the optimized molecular structures of the molecules were performed using by 6-31+G(d,p) basis set with the WB97XD, O3LYP and B3LYP functional. Secondly, the vibrational frequencies were determined and their fundamental vibrational modes were characterized by their potential energy distribution. Finally, based on the optimized structures, some of physical and chemical properties were calculated.

Quantum mechanical methods have proven to be very accurate in generating molecular geometries and in the prediction of relative conformational energies, and have become a useful tool in drug related computational research \[[@bib57]\]. It has also found application in prediction of transition state properties, reactivity and enzyme mechanism studies, and in the investigations of drug-receptor and protein-ligand interactions and binding energies \[[@bib57]\]. Furthermore, the use of these methods permit us to determine accurately a wide range of molecular descriptors including dipole moment, ionization potential and electron affinity, which are accessible only through quantum mechanical calculations \[[@bib58], [@bib59], [@bib60], [@bib61]\]. As a result, the molecular properties determined by DFT and other quantum mechanical method are often used in quantitative structure-activity and structure-property relationship models.

3. Results and discussion {#sec3}
=========================

3.1. Optimized molecular structure and geometric parameters of the molecules {#sec3.1}
----------------------------------------------------------------------------

### 3.1.1. Optimized molecular structures of Hydroxychloroquine and Azithromycin {#sec3.1.1}

The optimized molecular structures of the molecules Hydroxychloroquine and Azithromycin are reported in [Figure 1](#fig1){ref-type="fig"}.Figure 1Optimized geometric structures of Hydroxychloroquine (A) and Azithromycin (B).Figure 1

### 3.1.2. Optimized geometrical parameters of Hydroxychloroquine and Azithromycin {#sec3.1.2}

The geometrical parameters of the molecules that is the bond lengths and bond angles of Hydroxychloroquine and Azithromycin are given in Table S1 and Table S2 respectively of the supplementary materials. We observe a slight difference between the geometric parameters calculated with the B3LYP, O3LYP and wB97XD functional. The wB97XD functional differs significantly from the B3LYP and the O3LYP functional by the long range interaction which is taken into account in the geometric optimization. Thus, the addition of dispersion effects does not significantly influence the structural parameters of these molecules. In order to validate the optimized geometrical structure of Hydroxychloroquine, a comparison of some calculated properties is carried out with the experimental results of Hydroxychloroquine sulfate \[[@bib62]\]. It should be noted that the geometric orientation of the groups of atoms of Hydroxychloroquine present in this research work is similar to that of Hydroxychloroquine found in Hydroxychloroquine sulfate. The calculated C--C, C--N, C--O and C--Cl bond lengths are in good agreement with the experimental values reported in literature. Similarly, the calculated bond angles are in good agreement with the experimental values reported in literature \[[@bib62]\]. These results show that the optimized geometrical structure of Hydroxychloroquine is valid.

Frequency analysis was performed to verify the stability of the optimized structures. [Figure 2](#fig2){ref-type="fig"} shows the IR and Raman spectra of hydroxychloroquine and those of Azithromycin are shown in [Figure 3](#fig3){ref-type="fig"}. As shown in these spectra, no imaginary frequencies were observed. This means that local minima was reached at the end of the optimization.Figure 2wB97XD, O3LYP and B3LYP infrared (IR) (Right) and Raman spectra of Hydroxychloroquine (Left). The spectra lines in black represent the spectra obtained at the wB97XD, that in red for O3LYP and that in blue for the B3LYP.Figure 2Figure 3wB97XD, O3LYP and B3LYP infrared (IR) (Right) and Raman spectra of Azithromycin (Left). The spectra lines in black represent the spectra obtained at the wB97XD, that in red for O3LYP and that in blue for the B3LYP.Figure 3

3.2. Quantum chemical descriptors of the molecules {#sec3.2}
--------------------------------------------------

The molecular descriptors of interest in our research are LUMO-HOMO energy band gap (E~g~), ionization potential, electron affinity (EA), chemical potential ($\vartheta$), chemical hardness ($\kappa$), chemical softness (S), electronegativity ($\delta$), electrophilicity index (ω), dipole moment (μ~tot~), average polarizability (α~0~), related anisotropy (Δα) and first order hyperpolarizability (β~0~) of the molecules which have been predicted using the wB97XD, O3LYP and B3LYP functional and are given in [Table 1](#tbl1){ref-type="table"}. Whereas the dipole moment and polarizability represent information about charge distribution within the molecule, and therefore affect solvation and the molecule\'s membrane permeability, the ionization potential and electron affinity supply information regarding molecule\'s stability, which could also find a reflection in drug\'s metabolism \[[@bib63]\]. Based on studies found in literature, which shows that increase in polarity, polarizability and the ability for hydrogen bonding strongly reduced brain penetration \[[@bib64]\] which is in accord with our results. The polarity of the molecules, represented mostly by a dipole moment is the most important factor in inhibition activity, where the activity increases with increasing dipole moment. Equally, studies have shown that binding to an active pocket of some receptor depends on the electronic structure of the ligand, with a significant contribution from dipole moment and polarizability \[[@bib65]\]. This may be due an electrostatic field generated by the receptor, and therefore would affect more strongly and interact with molecules which have a higher dipole moment or polarizability \[[@bib66]\]. Moreover, drugs with greater dipole moment are less well absorbed while those with high electron affinity are most important for intestinal absorption \[[@bib67]\]. From [Table 1](#tbl1){ref-type="table"}, it is observed that the dipole moments values of these molecules are within the range 3D \< μ \< 5D which corroborate with μ values of most drugs given in literature \[[@bib68]\]. From these μ values of the molecules, it implies the molecules have high absorption and are actively transported.Table 1HOMO and LUMO molecular orbital energies, LUMO-HOMO Energy band gap (E~g~), Ionization potential, electron affinity (EA), chemical potential ($\vartheta$), chemical hardness ($\kappa$), chemical softness (S), electronegativity ($\delta$), electrophilicity index (ω), dipole moment (μ~tot~), average polarizability (α~0~), related anisotropy (Δα) and first order hyperpolarizability (β~0~) of the molecules.Table 1MoleculeHydroxychloroquineAzithromycinParametersB3LYPWB97XDO3LYPB3LYPWB97XDO3LYPE~HOMO~ (eV)-5.517-7.652-4.930-5.327-7.471-4.726E~LUMO~ (eV)-1.2200.549-1.376-0.1271.953-0.220E~g~ (eV)4.2978.2013.5545.2009.4244.506IP (eV)5.5177.6524.9305.3277.4714.726EA (eV)1.220-0.5491.3760.127-1.9530.220$\vartheta$-3.369-3.552-3.053-2.727-2.759-2.473$\kappa$2.1494.1011.7772.6004.7122.253S0.4650.2430.5630.3850.2120.444$\delta$3.3693.5523.0532.7272.7592.473ω2.6411.5382.7971.4300.8081.357α~0~ x 10^−41^ C^2^m^2^J^−1^384.296374.919386.045752.925734.554754.412Δα x10^−41^ C^2^m^2^J^−1^958.737933.751963.754168.207161.274167.544μ~tot~ x10^−29^ Cm1.731 (5.188D)1.762 (5.284D)1.804 (5.410 D)1.104 (3.3097D)1.166 (3.4945D)1.099 (3.2949D)M~R~ x10^−14^ x 10^−14^ C^2^m^2^J^−1^mol^−1^9.6869.4499.7301.8981.8511.901β~0~ x 10^−52^ C^3^m^2^J^−2^116.346107.100123.56850.16243.88166.247

We equally observed from [Table 1](#tbl1){ref-type="table"} that the polarizability values of the molecules are less than 5 A^o3^

(1 au^3^ = (0.529)^3^ Å^3^) \[[@bib69]\] which implies Hydroxychloroquine and Azithromycin have good membrane permeability as documented in literature \[[@bib68]\]. Though polarizability, hyperpolarizability and hyper-order electric moments can be used to study the toxicity of drugs, polarizability is the main factor influencing the binding affinity of the drug. This can be explained by the fact that polarizability is a representation of molecular hydrophobicity \[[@bib70]\]. Hence, the large values of the polarizability of the molecules show that the molecules have high binding affinity.

The frontier molecular orbitals which can give realistic qualitative information about susceptibility of the electrons of the HOMO to transfer to the LUMO were also determined. Moreover, HOMO and LUMO are very important quantum chemical parameters to determine the reactivity of the molecules and are used to calculate many important parameters such as the chemical reactivity descriptors. These orbitals control the mode of the interaction of the drugs with other molecules such as the interactions between these drugs and their receptors. The ionization potential and electron affinity were determined by using HOMO and LUMO energies. The HOMO and LUMO plots of Hydroxychloroquine and Azithromycin are shown in Figures [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} while the plots of their density of states (DOS) are presented in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} respectively. The data of molecular orbitals use to plot the density of states (DOS) have been obtained with the help of GaussSum 2.2 Program \[[@bib71]\]. The density of state presented in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} are restricted to some occupied and unoccupied molecular orbitals around the HOMO and LUMO molecular orbitals. Interestingly, the large energy gap of the molecules tell us that there are many hydrophilic interactions that could facilitate the binding with the receptors. This suggests that such hydrophilic interactions considerably impact the binding affinity of these drugs to the receptors. During the binding process, the HOMO of a certain drug and the LUMO with the adjacent residues could share the orbital interactions \[[@bib5]\]. The large HOMO-LUMO energy gaps obtained in our studies also reveal to us that the molecules have high excitation energies and good stability \[[@bib72]\]. The electron affinity which is used for the investigation of optimal bioavailability \[[@bib73]\] and ionization potential which is related to the blood-brain barrier permeation \[[@bib74]\] are also reported in [Table 1](#tbl1){ref-type="table"}. The values of the IP and EA of the molecules are within the range of values given in literature for most drugs 1.5 eV \< EA \< 2 eV for EA and 6 eV \< IP \< 9 eV for the IP \[[@bib68]\]. Molecules with high IP are equally characterized by high EA, showing that IP filter might not have any additional influence once the EA filter is applied.Figure 4HOMO -- LUMO Molecular orbitals of Hydroxychloroquine obtained using the B3LYP, O3LYP and WB97XD functional with the 6-31+G(d,p).Figure 4Figure 5HOMO -- LUMO Molecular orbitals of Azithromycin obtained using the B3LYP, O3LYP and WB97XD functional with the 6-31+G(d,p).Figure 5Figure 6Density of states (DOS) of Hydroxychloroquine obtained obtained using the B3LYP, O3LYP and WB97XD functional with the 6-31+G(d,p) respectively.Figure 6Figure 7Density of states (DOS) of Azithromycin obtained obtained using the B3LYP, O3LYP and WB97XD functional with the 6-31+G(d,p) respectively.Figure 7

The values of the dipole moment, polarizability, ionization potential and electron affinity are approximately equal those reported in literature \[[@bib68]\]. Hence, it is observed from our studies that most of the descriptors of interest presented above show association with some processes, including absorption, blood-brain barrier transport, binding and even toxicity.

3.3. Nonlinear properties of Hydroxychloroquine and Azithromycin {#sec3.3}
----------------------------------------------------------------

The Nonlinear optical properties such as dipole moment, average polarizability, related anisotropy, molar refractivity and first order hyperpolarizability of the molecules are also among the quantum chemical descriptors of the molecules. Nonlinear properties are very important in pharmacology. Indeed, the two main characteristics that govern interactions between drugs and biological molecules are spatial structure and electronic distribution. The polarity of a molecule comes from the non-homogeneous distribution of its electronic cloud. Polarizability refers to the ease with which the electronic cloud of a molecule can be moved under the effect of an electric field or another molecule. Therapeutic molecules can also be exploited for applications in nonlinear optics. The incorporation of an organic molecule into nonlinear optical materials is usually performed by comparing its dipole moment, average polarizability, hyperpolarizability value with that of a prototype molecule such as urea and 3-methyl 4-nitropyridine 1-oxide. The nonlinear properties such as dipole moment, average polarizability, first order hyperpolarizability and molar refractivity of hydroxychloroquine and Azithromycin are reported in [Table 1](#tbl1){ref-type="table"}. The large values of the dipole moment, average polarizability, first order hyperpolarizability and the molar refractivity of Hydroxychloroquine and Azithromycin are much higher than that of urea \[[@bib75], [@bib76]\] and therefore these therapeutic molecule may also have good nonlinear optical applications.

Electronic properties such as HOMO energy, LUMO energy and the HOMO-LUMO energy gap are also given in [Table 1](#tbl1){ref-type="table"}. The energy gap is a very important index of stability with respect to external electromagnetic radiation. It also provides information on the conductive, semiconducting or insulating nature of a material. As shown in Figures [6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} the energy gap of Hydroxychloroquine and Azithromycin decreases slightly when we move from B3LYP to O3LYP level. However, when dispersion effects are introduced into electronic property calculations, a very large increase in the energy gap value is observed. The value obtained with the wB97XD is almost double the value obtained with the B3LYP which may be due to the dispersion effect at the level of the wB97XD functional. Several research works reported in the literature \[[@bib75], [@bib76], [@bib77], [@bib78], [@bib79]\] have shown that the B3LYP functional gives good energy gap results. Thus, by increasing the accuracy of calculation, the energy gap would be lower as can be observed with the value obtained with the B3LYP functional compared to that obtained with the wB97XD functional. Even though the energy gap values are high for these molecules, it permit us to say that the molecules Hydroxychloroquine and Azithromycin may have semiconductor character with wide band gap and therefore a high stability index.

3.4. Optoelectronic properties {#sec3.4}
------------------------------

The optoelectronic properties such as dielectric constant, electrical susceptibility and refractive index of the molecules are grouped in [Table 2](#tbl2){ref-type="table"}. These properties were determined using formulae reported in the literature \[[@bib75], [@bib76], [@bib77], [@bib78], [@bib79]\]. The values of the dielectric constant, the electric susceptibility and the refractive index computed with B3LYP functional are lower than the values obtained with the O3LYP and wB97XD functional for Hydroxychloroquine and vice versa for Azithromycin. The small value of the dielectric constant and the large values of the electric susceptibility and refractive index of hydroxychloroquine indicate that the molecules Hydroxychloroquine and Azithromycin can also be promising materials in the production of optoelectronic devices \[[@bib80]\].Table 2Volume V (m^3^), average field E (V m^−1^), polarization density P (Cm^−2^), electric susceptibility χ, dielectric constant ε~r~, displacement vector D (C^2^m^2^J^−2^) and refractive index η.Table 2HydroxychloroquineMéthodeVx10^−28^m^3^E~ch~x10^10^Pχε~r~ηDB3LYP1.7854.5040.0972.4323.4321.8530.137WB97XD1.6734.7000.1052.5233.5231.8770.147O3LYP1.6644.6730.1082.6103.6101.9000.149AzithromycinB3LYP3.4000.1470.0322.4593.4591.8600.045WB97XD3.9710.1590.0292.0603.0601.7490.043O3LYP3.7010.1460.0302.3213.3211.8220.043

3.5. Thermochemical properties of Hydroxychloroquine and Azithromycin {#sec3.5}
---------------------------------------------------------------------

The enthalpy, Gibbs free energy, entropy and heat capacity at constant pressure of Hydroxychloroquine molecule are presented in [Table 3](#tbl3){ref-type="table"}. The results presented in this table correspond to standard temperature and pressure conditions. The values obtained with B3LYP vary when we move to O3LYP or wB97XD functional. Temperature is a very important thermodynamic parameter in the production, storage and use of therapeutic molecules. For this reason, the effect of temperature on the calculated thermodynamic properties was examined. [Figure 8](#fig8){ref-type="fig"} shows the variation curves of standard thermodynamic properties H, G, S and C~p~ with temperature of the Hydroxychloroquine molecule while [Figure 9](#fig9){ref-type="fig"} gives that of Azithromycin. The temperature range is limited from 175 K to 330 K so that the lower bound is close to the minimum temperature of the globe, while the upper bound is close to the maximum temperature of the globe. As shown in Figures [8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}, the values of H, S and Cp increase, while the values of G decrease with increasing temperature. A key part of drug design and development is the optimization of molecular interactions between an engineered drug candidate and its binding target. Thermodynamic characterization provides information about the balance of energetic forces driving binding interactions and is essential for understanding and optimizing molecular interactions \[[@bib81]\]. The crucial parameter describing the interaction of binding partners is the free energy where both the magnitude and sign describe the likelihood of biomolecular events occurring. The large negative values of G signifies that the molecules have higher affinity. The free energy is made of the enthalpy and the entropy. Enthalpy reflects heat differences between reactants and products of a binding reaction as a result of net bond formation or breakage, with negative values indicating a net release of heat energy with the resulting products at a lower energy level than the reactants \[[@bib81]\] and variation of enthalpy with temperature at constant temperature gives the C~p~. Entropy reveals the ease of distribution of binding energy among molecular energy levels with positive values associated with an increase in disorder, and vice versa.Table 3Standard enthalpy H (KJ/mol), standard Gibbs free energy G (KJ/mol), standard entropy S (J/mol.K) and heat capacity at constant pressure Cp (J/mol.K) of Hydroxychloroquine and Azithromycin.Table 3HydroxychloroquineAzithromycinMethodH x10^3^ kJ/molG x10^3^ kJ/molS\
J/mol.KC~p~\
J/mol.KH x10^3^ kJ/molG x10^3^ kJ/molS\
J/mol.KC~p~\
J/mol.KB3LYP-3677.891-3678.104708.866384.110-6570.301-6570.6901303.250958.630wB97XD-3677.087-3677.297702.402378.401-6568.608-6568.9801247.361936.791O3LYP-3676.924-3677.138717.719386.150-6567.705-6568.0981317.251963.630Figure 8Plots of H (Left upper), G (Left lower), S (Right upper) and Cp (Right lower) with temperature of Hydroxychloroquine.Figure 8Figure 9Plots of H (Left upper), G (Left lower), S (Right upper) and Cp (Right lower) with temperature of Azithromycin.Figure 9

A negative *Cp* indicates that the binding complex has a lower heat capacity than the free binding partners and, along with a positive entropy. This is typically associated with hydrophobic interactions and conformational changes upon binding \[[@bib82], [@bib83]\]. Hence, these results are very important thermochemical information in pharmacology.

4. Conclusion {#sec4}
=============

Based on structural and experiments studies, SARS-CoV-2 appears to bind to the human receptor acethyl choline esterase 2 (ACE2) and the spike protein of SARS CoV-2 has a functional polybasic (furin) cleavage site. From these studies, SARS-CoV-2 seem to have a receptor-binding domain that binds with high affinity to ACE2 from humans, ferrets, cats and other species with high receptor homology. Thus, due the high-affinity binding of the SARS-CoV-2 spike protein to human ACE2 and from the high binding affinity of both Hydroxychloroquine and Azithromycin implies that these molecules can easily bind together. Hence, the treatment of COVID-19 using Hydroxychloroquine and Azithromycin in some patients as single dose and their combination in patients with Corona virus resistance can be more effective. It is also observed from our studies that most of the descriptors of interest presented above show association with some processes, including absorption, blood-brain barrier transport, binding and even toxicity. From the parameters determined, we can conclude that these parameters together all affect the degree of the binding affinity of Hydroxychloroquine and Azithromycin with the active protein sites to afford a certain degree of inhibition thereby preventing the entrance and formation of the viral particles. The calculations were carried out by relaxing the structures of the molecules.

Equally, the key thermodynamic parameters of the molecules are the binding free energy (*G*), enthalpy (*H*), entropy (*S*) and heat capacity change (*Cp*). *G* indicates the likelihood and extent of biomolecular interactions and is composed of *H* and *S* components, which define the molecular forces governing the binding process. It is the balance of these forces that determines the overall thermodynamics of molecular interactions.

Furthermore, from the large values of the dipole moment, average polarizability, first order hyperpolarizability and the molar refractivity of Hydroxychloroquine and Azithromycin, we are tempted to say that these therapeutic molecule may also have good nonlinear optical applications and may equally have semiconductor character with wide band gap due to the large energy gap.

Furthermore, from the small value of the dielectric constant, the large values of the electric susceptibility and refractive index of Hydroxychloroquine and Azithromycin indicate that these molecules can also be promising materials in the production of optoelectronic devices.
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